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Improving Hippocampal Memory
Through the Experience of a Rich
Minecraft Environment
Gregory D. Clemenson, Caden M. Henningfield and Craig E. L. Stark*
Department of Neurobiology and Behavior, University of California, Irvine, Irvine, CA, United States
It is well known that the brain changes in response to the surrounding environment.
The hippocampus has been shown to be particularly susceptible to environmental
enrichment, with effects ranging from the generation of new hippocampal neurons and
synapses to an increased expression of neurotrophic factors. While many of these
changes in the hippocampus are well documented in animals, our understanding of
how environmental enrichment can apply to humans is more ambiguous. In animals,
spatial exploration has been shown to be a clear way to elicit the effects of environmental
enrichment and considering the role of the hippocampus in spatial navigation, which
has been shown in both animal models and humans, it suggests a viable avenue for
translation of environmental enrichment to humans. Here, we test the hypothesis that
the spatial exploration of a virtual video game environment, can impact the hippocampus
and lead to an improvement in hippocampal-dependent memory. Using the video game
Minecraft, we tested four groups of participants, each playing on custom servers and
focusing on different aspects of Minecraft to test the effects of both building and
exploration over the course of 2 weeks. We found an improvement in hippocampus-
associated memory from pre-test to post-test and that the degree of improvement was
tied to both the amount of exploration of the Minecraft world and the complexity of the
structures built within Minecraft. Thus, the number of enrichment participants engaged
in while playing Minecraft was directly correlated with improvements in hippocampal-
dependent memory outside of the game.
Keywords: environmental enrichment, hippocampus, spatial exploration, video games, Minecraft
INTRODUCTION
The effects of environmental enrichment on the hippocampus have been well studied in
animals. Simply exposing animals to an enriching experience that promotes sensory, physical,
spatial, and cognitive stimulation can have an extremely positive impact on the hippocampus
(Clemenson et al., 2018). While there is a vast amount of literature demonstrating the
powerful influence of environmental enrichment in animals, how this manipulation applies
to humans is less clear. Isolated factors such as exercise have been directly applied to humans
with some success (Pereira et al., 2007; Erickson et al., 2009, 2010, 2011; Bugg and Head,
2011), but far less has been done in the area of spatial exploration. Studies in humans
have shown that not only is the hippocampus active during spatial navigation like the
rodent (Ekstrom et al., 2003; Jacobs et al., 2013), but structural changes can occur in the
hippocampus with spatial training and expertise (Maguire et al., 1998, 2000; Woollett et al.,
2009; Woollett and Maguire, 2011). Work in our lab and others has even shown that spatial
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training, in the form of playing immersive 3D video games, can
alter hippocampal-dependent memory (Clemenson and Stark,
2015) and volume (West et al., 2017, 2018). Here, we show that
focusing on specific aspects of the video gameMinecraft can lead
to improvements in hippocampal memory. Using custom servers
to control the experience and record movement and interactions
with the surrounding Minecraft environment, we found that this
improvement is specifically correlated with the amount of spatial
exploration and the complexity of structures built within the
Minecraft world.
Exposing animals to an enriched environment can lead
to increased hippocampal neurogenesis (Kempermann et al.,
1997, 2002), synaptogenesis (Rampon et al., 2000; Gogolla
et al., 2009), dendritic density and complexity (Moser et al.,
1994; Faherty et al., 2003; Gonçalves et al., 2016), enhanced
long-term potentiation (LTP; van Praag et al., 1999; Farmer
et al., 2004), and increased expression of synaptic proteins
and neurotrophic factors (Fabel et al., 2003; Nithianantharajah
et al., 2004; Bekinschtein et al., 2011). Ultimately, these changes
to the hippocampal circuitry lead to robust improvements in
hippocampus-dependent cognition, including spatial learning
and memory (Kempermann et al., 1997; Nilsson et al., 1999;
van Praag et al., 1999, 2002; Sampedro-Piquero et al., 2013;
Mora-Gallegos et al., 2015; Garthe et al., 2016) and pattern
separation (Creer et al., 2010; Clemenson et al., 2015; Wu
et al., 2015). Pattern separation is a computation designed to
reduce interference between items in memory and thought to
rely heavily on the dentate gyrus subfield of the hippocampus
(McClelland et al., 1995; Yassa and Stark, 2011). Importantly,
there is a clear and consistent positive relationship between
hippocampal neurogenesis and pattern separation (França et al.,
2017). In humans, we use the Mnemonic Similarity Task
(MST; Kirwan and Stark, 2007; Stark et al., 2013) which was
designed to index pattern separation by assessing behavioral
responses to highly similar lure items after an initial study
exposure. In addition, environmental enrichment has been
shown to ameliorate many of the cognitive and functional
deficits associated with rodent models of aging and other
neurodegenerative disorders (Kempermann et al., 2002; Segovia
et al., 2006; Leal-Galicia et al., 2008; Darmopil et al., 2009;
Speisman et al., 2013).
In animal models, both exercise (van Praag et al., 1999;
Kobilo et al., 2011; Mustroph et al., 2012; Vivar et al., 2013)
and spatial exploration (Freund et al., 2013; Clemenson et al.,
2015) have been shown to be core aspects of enrichment. For
example, using radio frequency identification tags to track animal
location, one study examined the exploratory behaviors of mice
living in an enriched environment for 3 months (Freund et al.,
2013). Mice exhibiting low spatial exploration tended to move
back and forth between a few locations within the enrichment
cage (e.g., between the nesting location and food location)
whereas mice exhibiting greater spatial exploration tended to
move unpredictably around the entire enrichment cage. Despite
all mice were genetically identical, exploratory behaviors varied
greatly amongst individual mice and further analysis revealed
that individual exploratory behaviors positively correlated with
hippocampal neurogenesis.
Given the relationship between the hippocampus in spatial
navigation and memory in both humans and animals alike,
we propose that the spatial exploration of a virtual video
game environment is a human correlate of environmental
enrichment and can lead to improvements in hippocampal
function. Immersive 3D video game environments allow us to
tease apart the contribution of spatial exploration with other
elements of enrichment, such as exercise. Consistent with this
hypothesis, we previously showed that playing the 3D video game
SuperMario 3DWorld for 2 weeks could improve hippocampus-
associated memory (Clemenson and Stark, 2015). Video games
such as Super Mario 3D World often revolve around rich
and immersive open-world environments for users to explore.
Success in these games requires an awareness of the surrounding
environment and a keen map knowledge to complete quests
and find objectives. While the improvements we observed in
hippocampus-associated memory correlated with video game
performance there were several limitations of our study, many
of which are common to most video game studies, that make
it difficult to understand what about the experience led to
the effect. First, our active control group played an entirely
different game than our experimental group (Angry Birds vs.
Super Mario 3D World). Although Angry Birds can still be
considered an ‘‘engaging’’ game, it is inherently less spatial
and therefore less complex and quite possibly less ‘‘enriching’’
than Super Mario 3D World. Second, the mechanics of each
of these games are fundamentally different. Angry Birds is
relatively simple and requires the user to launch a bird into
a structure, while Super Mario 3D World requires several
skills including problem-solving, jumping puzzles (specifically
the timing of multiple jumps), and even interacting with
enemies. Third, although our hypothesis revolves around the
exploration of a virtual environment, it is difficult to quantify
the spatial exploration of an individual while playing Super
Mario 3D World as path data are not available. Collectible
items within Super Mario 3D World are spread throughout the
world and may provide a crude exploration metric, but these
measures aremagnitudes less sensitive than those used in animals
(Freund et al., 2013).
While spatial exploration has clear relevance to enrichment
and the hippocampus, the building aspect of Minecraft is more
ambiguous. Despite no direct correlate of building in enrichment
studies of humans or animals, there are several aspects of
building that may be relevant to enrichment. First, enriched
environments provide a certain amount of novelty to animals
and although this has not been explicitly tested within the context
of an enriched environment, we do know that the hippocampus
plays a role in novelty recognition (Cohen and Stackman, 2015)
and is greatly responsive to the exposure of a novel environment
(Vazdarjanova and Guzowski, 2004; Tashiro et al., 2007). In
building new structures, participants are constantly exposing
themselves to this novelty and giving themselves rich episodes
for the hippocampus to encode. In addition, they are learning
a new cognitive skill of how to build potentially very complex
structures. Thus, there is a great deal of non-spatial episodic
information present in this condition. We should note, however,
that while not explicitly spatial, the active process of building
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inherently becomes more spatial as building progresses. As the
hippocampus plays a role in spatial mental imagery, including the
ability to perceive objects or scenes from different perspectives
(Hassabis et al., 2007; Bird et al., 2010; Summerfield et al.,
2010) which may depend on the complexity of the scene or
objects (Kim et al., 2013; Rungratsameetaweemana and Squire,
2018; Urgolites et al., 2018), the building condition should
not be considered purely ‘‘non-spatial.’’ But, it has many rich
non-spatial components and the scale of spatial involvement
is certainly different than open-world exploration, giving us
a different means within the same gaming environment of
assessing whether enrichment, broadly defined, might have an
impact on memory.
Here, we used the video game Minecraft and show that
the spatial exploration of a virtual environment can improve
hippocampus-associated memory. Minecraft is a sandbox game,
which means that users are not restricted by game rules about
the order of play. There is no right or wrong or winning or
losing. It is a simple, endless, open world filled with mountains,
deserts, forests, and oceans, for users to explore, create, and
make their own. While all of our groups played Minecraft, they
each focused on different combinations of the two main aspects
of Minecraft: building and exploration. By creating completely
custom Minecraft servers for every individual, we altered the
focus of each group to promote building, exploration, or both.
In addition, by being able to control their experience, we could
manipulate the degree of sustained engagement in learning
new aspects related to their activity (i.e., learning new skills or
expanding their exploration of the world). Custom Minecraft
servers also granted us the ability and control to track all
movement as well as record the structures built in each world.
Using the exact same metric of spatial exploration, our results
parallel those in animals (Freund et al., 2013) and are consistent
with our hypothesis that spatial exploration can improve
hippocampus-associated memory. In addition, we found that the
building of complex structures also influenced hippocampus-
associated memory, suggesting that alternate novel, learning
experiences found within Minecraft can be beneficial.
MATERIALS AND METHODS
Participants
In total, 82 individuals (53 female, 29 male; mean age = 19.83,
SD = 1.08) participated in the study. Participants played
Minecraft at the UCI Esports Arena for 2 weeks (Monday-
Friday), for a maximum of 45 min/day (7.5 h), however the
actual time spent in the video game was slightly less (mean:
7.02 h, SD = 0.75) due to training, daily setup, and irregularities
in participant schedules. All participants were recruited through
advertisements posted around the UC Irvine campus and
received compensation of $60, paid at the completion of the
study. The advertisement specifically asked for participants
with little to no experience with the video game Minecraft
and did not reveal any details about the design or intention
of the study, only that participants would play Minecraft for
2 weeks. All participants were screened for general video
game experience, with an abbreviated version of the video
game questionnaire used previously (Clemenson and Stark,
2015) including questions aimed at addressing both prior and
current video game experience. We specifically screened against
participants with prior Minecraft experience and knowledge.
While many participants had prior experience with video games
at one point in time, none of them actively played (<1 h/week)
at the time of participation (within 3 months). This study was
carried out in accordance with the recommendations of the
Institutional Review Board (IRB) of the University of California
at Irvine with written informed consent from all subjects. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki. The protocol was approved by the
Institutional Review Board (IRB) of the University of California
at Irvine.
UC Irvine Esports Arena
All Minecraft training took place at the UC Irvine Esports Arena
located on the UC Irvine campus. The Esports Arena is home
to 80 + high-end PCs, which were used by the participants to
play Minecraft. Once the participants were trained on Minecraft,
they were free to make their own hours and able to visit
the arena anytime in the morning, between 9 am and 12 pm
(when the Esports Arena was closed to the public), to continue
their training. An experimenter was present at all times during
training, to monitor progress and answer questions.
Minecraft
Minecraft is a popular sandbox, or open-world, style video
game that is practically infinite and is procedurally generated
as the player explores. The entire Minecraft world is made up
of different biomes (plains, jungles, deserts, forests, mountains,
oceans, etc. . .) that are composed of different types of blocks, all
of which can be manipulated by the player. There are no specific
goals to the game and no right or wrong ways to play it. Minecraft
is simply intended to be a video game world that players can
creatively make their own.
All Minecraft participants played on individual custom
servers, which were hosted on a local server in our lab. Custom
servers were created using SpigotMC1 and a custom mod,
Tracker (created by GDC), was added to track spatial locations
of individuals and information about the world they created
(e.g., blocks placed, current biome, time spent underground,
etc.). All Minecraft participants within each group played on the
exact same map but individually. The starting location was the
same for every individual, ensuring that all participants received
the same starting experience. All servers were set to ‘‘peaceful’’
which removed enemies and kept players health at full. Although
difficult, it was still possible for players to die if they decided
to swim in lava or fall off a mountain. Upon player death, they
respawned at the initial starting point.
Participants were randomly assigned to one of four Minecraft
groups in a 2 × 2 design focusing on building vs. exploring
activities (to vary the type of enrichment) and undirected
vs. directed activities (to vary the degree of enrichment):
Free Building (11 females, 10 males; mean age = 20.4,
1www.spigotmc.org
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SD = 1.27; low exploration, low building enrichment), Directed
Building (13 females, six males; mean age = 19.4, SD = 0.61;
low exploration, high building enrichment), Free Exploration
(16 females, seven males; mean age = 19.88, SD = 1.22; high
exploration, no building enrichment), and Explore and Build
(13 females, six males; mean age = 19.58, SD = 0.84; high
exploration, mid building enrichment; Figures 1A,B). While
participants knew that they were going to play Minecraft, they
were not told any details about the study and were blind to the
group they were in. To prevent participants from observing other
individuals from other groups, each Minecraft group was split
into two cohorts and each cohort played in the UCI Esports
Arena during the same 2 weeks. AMinecraft tutorial was given to
all study participants, with instructions on how to build a house,
which ultimately became their ‘‘home.’’ While all Minecraft
groups were given the same instructions for PC controls and
taught the basics of Minecraft, each group was told to focus on a
different aspect of Minecraft: building or exploring. In addition,
they differed in how goal-oriented these aspects were and, as a
result, the degree of engagement in pursuing new challenges in
the area.
The Free Building and Directed Building groups were asked
to focus on the building aspect of Minecraft. Both groups played
on a completely flat world (no biomes, no mountains, no lakes,
no caves, etc.) with no animal or vegetation spawns. While both
groups focused on building, the main difference between the
Free Building and the Directed Building groups was that the
Directed Building group was given challenges to continuously
expose them to new aspects of building and thereby provide a
potentially higher level of enrichment. We did so by directing
them to build complex structures found on grabcraft2 such as
an AT-AT Walker (Figure 1A lower left box, 3,785 blocks) and
Spongebob’s House (3,486 blocks). Once a structure was chosen,
the necessary blocks to build the structure were placed into a
chest in the world. During the first week, participants in the
Directed Building group were limited to pre-selected structures
to ensure they had a grasp on the controls and mechanics of
Minecraft. During the secondweek, they were allowed free choice
of structure. In contrast, the Free Building group was given chests
full of blocks but were not given any specific direction as to what
they could or should build. During the second week, to maintain
engagement, participants in the Free Building group were given
new items to build with redstone—Minecraft’s tool for powering
items and creating circuits.
The Free Exploration group played Minecraft in the most
traditional sense. All participants played on individual servers,
using the exact same map [seed: 1932176428914146755, starting
point (x, y, z): −312, 73, −420] with easy access to resources.
After creating their ‘‘home’’ at the starting spawn location,
participants were told they could play Minecraft however they
wished. The only rule was that at the end of their training session,
they had to end up at their ‘‘home.’’ This encouraged participants
to learn about the surrounding area and preventing anyone from
walking in a straight line endlessly for the duration of the study.
Thus, they were allowed to engage in as much or as little spatial
2www.grabcraft.com
exploration as they wished and therefore have as much or as little
potential enrichment as they wished. To maintain engagement,
at the beginning of the second week, participants were given a
scavenger hunt list of objects and places to find to encourage
further exploration of the Minecraft world. This scavenger hunt
list included flowers, gems, resources, waterfalls, villages, and
other objects/locations that were in the local areas.
The Explore and Build group was designed to bring in both
potential avenues of enrichment by combining the two activities.
The first week was the same as the first week of the Free
Exploration in which they explored and learned the spatial layout
of their area. The second week was modeled on the Directed
Building, but rather than providing them with free access to
all needed materials for their structure of choice, participants
had to find these materials in the world themselves. Therefore,
this pushed heavily on both learning complex construction
techniques and on spatial exploration as they searched for the
needed materials.
Mnemonic Similarity Task (MST)
One of our primary outcome variables was the lure
discrimination index (LDI) of the MST (Kirwan and Stark,
2007; Stark et al., 2013), which was designed to behaviorally
index pattern separation and hippocampal function. The MST
is now a widely used behavioral task and has been repeatedly
shown to be sensitive to age-related memory decline and to
hippocampal connectivity (Yassa et al., 2010a, 2011b; Bennett
and Stark, 2015; Bennett et al., 2015) and function (Bakker et al.,
2008, 2012, 2015; Yassa et al., 2010b, 2011a,b) and even to the
alteration of hippocampal function following treatment for MCI
with Levetiracetam (Bakker et al., 2012, 2015). There are two
phases of the MST (Figure 2A). The first phase is an implicit
encoding phase in which participants are shown pictures of
everyday objects and asked to make a simple ‘‘indoor/outdoor’’
judgment. The second phase is an explicit test phase in which
participants are shown everyday objects that are either the same
(target), similar (lure), or different (foil) to the items encoded
in the first phase. Participants then make ‘‘old/similar/new’’
judgments for each of these objects. Two metrics are used during
the analysis. The LDI is the metric that has been shown to be
sensitive to DG/CA3 activity and is defined as the probability
of correctly identifying a lure item as ‘‘similar,’’ correcting for
any response bias using the probability of incorrectly identifying
a foil item as ‘‘similar’’: p (similar|lure) − p (similar|foil).
The recognition index (REC) is a standard object recognition
memory score, defined as the probability of correctly identifying
a target item as ‘‘old’’ minus the probability of incorrectly
identifying a foil item as ‘‘old’’: p (old|target)− p (old|foil).
Roaming Entropy (RE)
Roaming entropy (RE) is a measure of spatial exploration
that was previously used to measure the exploratory
behavior of mice living in an enriched environment
(Freund et al., 2013). In the equation below, pi,j is the
probability of participant i being at location j. The
RE is defined as the Shannon entropy of the roaming
distribution of participant i, where k is the total number
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FIGURE 1 | Description of the Minecraft groups and experimental design. (A) Example images of the four Minecraft groups used in this study: Free Building (gray),
Directed Building (blue), Free Exploration (green) and Explore and Build (red). (B) Experimental design. (C) The average total number of blocks changed for each
Minecraft group over the course of the study. A positive number indicates an overall addition of blocks to the world and a negative number indicates an overall
subtraction of blocks from the world. (D) The average total distance (km) traveled by each Minecraft group over the course of the study. All data are presented as
mean ± SEM, ∗p < 0.05, ∗∗∗∗p < 0.0001.
of possible locations. Dividing by log (k) scales the
range from 0 to 1.
REi =
k∑
j = 1
(
pi,jlog(pi,j)
)
/log(k)
In the mouse study (Freund et al., 2013), mice were
tagged with radio frequency ID tags and were monitored by
antennas placed around the enriched environment. Essentially,
RE is a measure of how likely a mouse would be located
at each target location (antenna), at any given time. A
lower RE value reflects that animal’s movements were more
predictable, and therefore exhibited less exploration, and a
higher RE value reflects that the animal’s movements were
less predictable, and therefore exhibited more exploration. In
our study, we used the same RE measure to assess the spatial
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FIGURE 2 | Playing Minecraft leads to improvement on a hippocampal memory task. (A) A schematic of the Mnemonic Similarity Task (MST), an object recognition
memory task that uses not only traditional repeated and unstudied foil items, but also highly similar lures and a three-choice response. (B) Change in the
hippocampal-mediated lure discrimination index (LDI) performance (Pre-Test to Post-Test) of the MST, for all Minecraft groups. (C) Change in general recognition
(REC) performance (Pre-Test to Post-Test) of the MST, for all Minecraft groups. All data are presented as mean ± SEM, ∗p < 0.05.
exploration of participants as they explored Minecraft. A virtual
location was placed every 10 meters in the x-, y-, and z-
axes (mirroring the antennae locations). We calculated the
probability that an individual would be at each location at
any given time, summed across all locations in the world
that could have been visited in the allotted time. A lower
RE value indicates that a participant’s position was more
predictable (lower spatial exploration) whereas a higher RE
value means a participant’s position was less predictable (higher
spatial exploration).
Principal Components Analysis (PCA)
We performed a principal components analysis (PCA;
MATLAB_R2018a) on the spatial location data collected
from each participant as he or she moved through the world to
determine the amount of variance each variable (x-, y-, and z-)
contributed to the overall variance. Participant’s total coordinate
data was split into 60-s chunks and each 60-s dataset was entered
into a PCA, providing a vector describing the relationship of
the three variables (x-, y-, and z-). Using the coefficients for
each variable (individual values that make up the normalized
vector of each principal component), we first averaged within
the subject (across 60 s blocks) and then across all subjects in a
group. We then calculated the percent variance contributed by
the y variable
(
y
x+y+z
)
.
Statistical Analyses
Statistical analyses were conducted using Prism 7 (GraphPad
Prism). Planned comparisons between groups were performed
using two-way analysis of variances (ANOVAs), without
repeated measures, and Sidak correction for multiple
comparisons. General linear regression models (GLMs)
were used to analyze correlations between group metrics.
Shapiro-Wilk normality test revealed that distributions did not
significantly deviate from the normal distribution. A significance
value of 0.05 was used for all statistical analyses.
RESULTS
All Four Groups Focused on Different
Aspects of Minecraft
Participants were randomly assigned to one of four groups
that varied in both the central activity (exploring vs. building)
and the amount of engagement in that activity (Figures 1A,B).
The two groups that focused on building, Free Building and
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Directed Building, were placed in a flat and featureless world
and simply asked to build. While the Free Building group
was given limitless resources and little guidance, the Directed
Building group was instructed on how to build progressively
more complex structures. The Free Exploration and Explore
and Build groups both played on rich, computer-generated
worlds typical of Minecraft and were simply asked to explore
the world. The Explore and Build group was a combination of
building and exploring. While the first week was the same as
the Free Exploration group, during the second week of training,
they were required to scavenge for resources needed to build a
complex structure.
In analyzing their behavior within the game, as expected, the
four groups differed in the most basic measures of building and
exploration. The Free Building and Directed Building groups
focused on building far more than exploring, while the Free
Exploration and Explore and Build groups focused heavily
on exploring, with the Explore and Build partaking in both
(Figures 1C,D). For each participant, we used the number of
blocks changed in the world as a measure of the amount of
building (Figure 1C; a positive value is a cumulative addition
of blocks to the world and a negative value is a cumulative
subtraction of blocks from the world) and analyzed the scores
using a 2 × 2 ANOVA with factors for the type of activity
(building vs. exploring) and whether the activity was directed
or not (free vs. directed). We found a significant main effect of
type of activity (two-way ANOVA: F(1,78) = 285.8, p < 0.0001)
with building groups placing more blocks in the environment
and the active exploring groups removing more blocks from the
world (removing blocks is often necessary to explore and find
resources in the world) and a significant interaction (two-way
ANOVA: F(1,78) = 11.44, p < 0.01). A post hoc analysis (Sidak
correction for multiple comparisons at p < 0.05) revealed that
while there was no difference between building groups (Free
Building vs. Directed Building), the Explore and Build removed
significantly more blocks from the world when compared to the
Free Exploration group, consistent with their need to harvest the
necessary resources to build a structure during the second week.
As an initial measure of the amount of exploration, we
calculated the total distance that individuals walked while playing
Minecraft (Figure 1D). Here, we found a significant main effect
of activity type with the exploring groups walking more than the
building groups (two-way ANOVA: F(1,78) = 31.05, p < 0.0001)
and a main effect of amount of engagement with the free groups
walking more than the directed groups (two-way ANOVA:
F(1,78) = 35.07, p< 0.0001). A post hoc analysis (Sidak correction
for multiple comparisons at p < 0.05) revealed that the Free
Building and Explore and Build groups were similar, but all other
comparisons differed reliably. It is interesting to note that in
terms of distance, the Free Building group traveled more than
the Directed Building group and a similar amount to the Explore
and Build group. One source of this is that the Free Building
group had to continually return to the chest in order to retrieve
resources to build. Unlike the Directed Building group, which
had a specific plan for building, the building process of the
Free Building group was unconstrained. Without a specific goal
in mind, this free-form building group was apparently far less
efficient in their trips to and from the supply chest. Regardless,
when combined with the data above on building, it is clear that
all four Minecraft groups were different in how they interacted
with the environment.
All but the Free Building Group
Showed Improvements in Hippocampus-
Associated Memory
Our initial question was whether playing Minecraft, focusing on
either building, exploring or both, can improve hippocampus
associated memory. Using the change in the MST’s LDI (post-
test minus pre-test, Figure 2B) as a measure of change in
hippocampal function, we found a significant main effect of
activity type (two-way ANOVA: F(1,78) = 10, p < 0.01) and
amount of engagement (two-way ANOVA: F(1,78) = 12.89,
p < 0.001). A post hoc analysis (Sidak correction for multiple
comparisons at p < 0.05) revealed that not only were the
Directed Building, Free Exploration, and Explore and Build
groups all showing reliable changes in the LDI score, but all
three groups showed reliably greater improvements than the Free
Building group (which did not differ from zero, one-sample t-test
t(20) = 0.15, p = 0.87). While there was some evidence for an
additive effect in the Explore and Build condition relative to the
Directed Building (p = 0.06, uncorrected) and Free Exploration
(p = 0.03, uncorrected), these did not survive corrections for
multiple comparisons. Importantly, there was no change in
general recognition memory measure in the MST (Figure 2C),
indicating a specific improvement in the highly hippocampal-
dependent lure discrimination metric.
LDI Improvement Correlated With Spatial
Exploration of the Minecraft World but Not
Total Distance Traveled
One of our main hypotheses was that environmental enrichment
via the exploration of the Minecraft world would be important
for the observed improvement in hippocampal behavior. Similar
to spatial exploration found in mice (Freund et al., 2013)
we found that our human participants varied greatly in their
exploratory behavior (Figure 3A). Even within a group, some
explored the world far more than others. As in the rodent work,
we used RE tomeasure the amount of exploration (see ‘‘Materials
and Methods’’ section). Participants with lower exploration RE
scores (e.g., Figure 3A, left) tended to focus their exploration
around the spawn area (where their house was built), whereas
participants with higher exploration RE scores (e.g., Figure 3A,
right) were more likely to adventure further in all directions.
As expected, we found a main effect of activity type with the
exploring groups (Free Exploration and Explore and Build)
showing higher RE values than the building groups (two-way
ANOVA: F(1,78) = 170.2, p< 0.0001; data not shown).
More important than this simple group effect, however, is
the relationship between the amount an individual explored
the world and their subsequent memory improvement. When
examined individually, we found a significant correlation
between RE and ∆LDI in both exploring groups (Free
Exploration: R2 = 0.17, p < 0.05; Explore and Build: R2 = 0.21,
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FIGURE 3 | Exploration of Minecraft correlates with improvement in hippocampal memory. (A) Example path traces of low exploration (left) and high exploration
(right) individuals from the Free Exploration group. (B) The relationship between the change in MST LDI performance (Pre-Test to Post-Test) and the amount of
exploration roaming entropy (RE). Colors correspond to the Minecraft group indicated by the diagram: Free Building (gray), Directed Building (blue), Free Exploration
(green), and Explore and Build (red). The black dotted line represents the combination of all four Minecraft groups together. Significant statistics are denoted by group
color including black for all groups. (C) The relationship between the change in MST LDI performance (Pre-Test to Post-Test) and the total distance traveled (km).
Colors correspond to the groups as previously described.
p < 0.05; Figure 3B), with effects in the two building groups
not being reliable on their own. Importantly, in no group was
the total amount of distance covered correlated with ∆LDI
(Figure 3C), indicating that the quality of exploration was
important for the improvement in LDI. Further supporting this
conclusion, when analyzing the relationship between RE and
∆LDI across all groups, there was not only a reliable correlation
(R2 = 0.012, p < 0.01), but when testing whether a single slope
fits all datasets or whether the slope differed, we found no
evidence for the use of differing slopes (Extra sum of squares
F(4,154), p = 0.8) suggesting a common relationship between the
amount of exploration and improvement in memory regardless
of condition.
LDI Improvement Correlated With Active
Building More Complex Structures
The Directed Building demonstrated a clear and significant
improvement in LDI performance when compared to Free
Building, who also focused on building. We wanted to better
understand the structures that both Directed Building and Free
Building created. One clear difference between these two groups
was that the structures the Directed Building created were denser
and seemingly more complex, with the Directed Building adding
more blocks to the environment (Figure 1C) and walking less
(Figure 1D) than all other groups. Assessing ‘‘complexity’’ of
their building activity is not as straightforward as measuring
something like RE as there is no established metric of building
activity or complexity. Furthermore, building is an active process
with a constant exchange between the placement and removal
of blocks, a factor that we cannot reasonably address with our
current dataset. What we would like to capture is whether their
building is a simple structure or somethingmore challenging that
required more planning to physically construct (e.g., building
stairs or scaffolds to reach locations during construction). Here,
we use three different measures to address building activity
in Minecraft.
Perhaps the simplest metric that could capture this
complexity is the block-change density, or the number of
blocks changed per square kilometer. Using this metric, we
found a significant main effect of activity type (two-way
ANOVA: F(1,78) = 259.4, p < 0.0001; data not shown), amount
of engagement (F(1,78) = 13.13, p = 0.0005), and an interaction
(F(1,78) = 53.2, p < 0.0001). A post hoc analysis (Sidak correction
for multiple comparisons at p < 0.05) revealed that the Directed
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Building group had a higher block-change density than all
other groups and that the Free Building group had a higher
block-change density than the two exploring groups. As building
complex structures in Minecraft (e.g., Figure 4C) typically
requires significant movement vertically (to place blocks more
than one unit above you, you must build some form of stairs
to reach that level), block-change density is only a very rough,
indirect measure of this complexity. We created two metrics to
assess the degree of variance along the vertical (y) axis.
First, using the previous measure of spatial exploration (RE),
we calculated a RE value for each individual axis, which allowed
us to individually quantify the predictability of movement along
each axis. We predicted that if Directed Building were in fact
building taller structures, they would spend more time exploring
the vertical axis (i.e., greater unpredictability) compared to
the other groups. Using this measure, we created an index
score to measure the amount of vertical-axis bias
(
yRE
xRE+zRE
)
for all individuals (Figure 4A). We found no evidence for
an effect of activity type, but a significant main effect of
amount of engagement (two-way ANOVA: F(1,78) = 22.92,
p < 0.0001) and a significant interaction between activity type
and amount of direction (two-way ANOVA: F(1,78) = 4.976,
p < 0.05) with the directed groups (Directed Building and
Explore and Build) scoring significantly higher on this index
compared to both exploring groups (Free Building and Free
Exploration). A post hoc analysis (Sidak correction for multiple
comparisons at p < 0.05) revealed Directed Building scoring
reliably higher than both Free Building and Free Exploration
whereas Explore and Build only scored reliably higher than
Free Building. Furthermore, a positive correlation was found in
Directed Building between the y-axis bias index score and∆LDI
in Directed Building (R2 = 0.22, p < 0.05) but not in other
groups (Figure 4B).
Second, we used PCA to measure how much of the variability
of movement was contributed by the movement along the
vertical axis. Each coordinate data set was split into 1-min blocks
and PCA was used to characterize the variance in location
within that time and determine how much the total motion was
driven by motion along each axis (x, y, and z). The resulting
coefficients from the three PCs were first averaged within the
subject (across 1-min blocks) and then across all subjects in
a group. The first principal component (PC1) accounted for
83%–89% (across groups) of the variance in motion and was
heavily dominated by movement along the horizontal plane (x
and z axes; Figure 4D). Despite the high degree of similarity,
we found a significant main effect of activity type (two-way
ANOVA: F(1,78) = 10.85, p < 0.01; data not shown) with the
building groups (Free Building and Directed Building) having
a higher contribution of y-axis movement (∼8%) to PC1 than
the exploring groups (Free Exploration and Explore and Build,
∼4%). The second PC (PC2) accounted for 10%–15% of the
variance and showed main effects of both activity type (two-way
ANOVA: F(1,78) = 45.45, p< 0.0001) and amount of engagement
(two-way ANOVA: F(1,78) = 61.85, p < 0.0001) along with
a significant interaction between the two (two-way ANOVA:
F(1,78) = 43.72, p < 0.0001; Figure 4E). Much of the observed
effects can be attributed to the Directed Building as a post hoc
analysis (Sidak correction for multiple comparisons at p < 0.05)
revealed a highly significant difference between the Directed
Building and all other groups. Their movement along the y-axis
contributed to ∼30% of the total variance in PC2 compared
to ∼11% for all other groups. There was a clear and positive
correlation between y-axis variance of Directed Building and
∆LDI (R2 = 0.2, p = 0.05; Figure 4F). Lastly, although PC3 only
accounted for ∼1% of the total variance, the y-axis variable
contributed to significantly more of the variance in the Free
Building, Free Exploration and Explore and Build groups than
the Directed Building (Multiple comparisons: p < 0.0001 for all
groups; data not shown; Figure 4D). These data indicate that the
y-axis variable plays a bigger role in the Directed Building than
in all other groups.
DISCUSSION
We set out to replicate and improve upon our prior report
that video games may act as human analogs for environmental
enrichment (Clemenson and Stark, 2015) and to explore the
effects of the kind of enrichment and the amount of enrichment
had on memory ability. Using the video game Minecraft, we
constrained the environment to encourage participants to focus
on either spatial exploration or building andwe promoted greater
levels of engagement in new, more challenging forms of each
activity by use of directed, or guided activities within the game.
We again observed improvements in a hippocampal-dependent
memory task, unrelated to the video game activity, following
2 weeks of gameplay (Figure 2B) with results indicating that both
the kind of enrichment activity and the degree of engagement in
the activity were correlated with the amount of improvement.
Even without directed activities to enhance engagement, we
found that the spatial exploration of a Minecraft environment
led to greater improvements in hippocampal cognition. In
animals, spatial exploration of an enriched environment has
been tied to hippocampal neuroplasticity (Freund et al., 2013).
Using Minecraft as our enriched environment, we translated this
animal study to humans and found similar results. Using the
exact same methodology and equation for exploration (RE), we
found that higher spatial exploration, but not overall distance
walked, led to greater improvements on a hippocampal memory
task. As expected, the two groups that focused on the exploring
aspect of Minecraft (Free Exploration and Explore and Build)
scored the highest on our exploration metric. However, it is
important to note that when all four groups were combined
(Figure 3B), we observed a highly significant correlation with
hippocampal memory which suggests an important notion about
building in Minecraft. Although Free Building and Directed
Building were on the lower end of the exploration metric,
participants were still able to explore an environment regardless
of how simple it might be. While we tried to limit spatial
exploration of both Free Building and Directed Building, their
environments became progressively more spatial as they began
to build structures and added to the uniqueness of their own
individual worlds. With more time, Free Building and Directed
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FIGURE 4 | Building in Minecraft correlates with improvement in hippocampal memory. (A) The y-axis bias score represents the amount of spatial exploration (RE)
along the vertical axis (y axis) compared to the horizontal axes (x- and z-axes) for all Minecraft groups. The dotted line represents a value where exploration along the
vertical axis is equal to exploration along the horizontal axes. (B) The relationship between the change in MST LDI performance (Pre-Test to Post-Test) and the y-axis
bias score. Minecraft groups are represented by their corresponding colors with significant statistics denoted by group color. (C) Example images from the Free
Building (left column) and Directed Building (right column) groups. (D) Overview of the principal components analysis (PCA) for all Minecraft groups. Each value
represents the amount of variance explained by the variable (column) for each Minecraft group (row), for all three principal components (PC1, PC2, and PC3). (E) The
amount of variance explained by the y variable of all Minecraft groups for the second principal component. (F) The relationship between the change in MST LDI
performance (Pre-Test to Post-Test) and the LOG of the y-axis variance of the second principal component. All data are presented as mean ± SEM, ∗p < 0.05,
∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.
Building might naturally increase their exploratory behaviors
as they build and make their environment more spatial. In
addition, this correlation highlights the fact that, similar to the
animal studies, spatial exploration is a powerful factor driving
our observed results and that its effects may be independent of
other factors underlying enrichment’s effects.
In addition to spatial exploration, our results showed that
building within Minecraft can also lead to improvements in
hippocampal-based memory. The effects were less robust as
simply giving people the world to explore (Free Exploration)
led to reliable effects, while simply giving people the resources
needed to build structures (Free Building) was insufficient. For
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the building to be effective at improving memory, participants
needed to be directed towards building activities that had
them build new, more complex structures (Directed Building).
While the Directed Building consistently placed higher in
all three metrics of building activity, results from the other
groups (Free Building, Free Exploration and Explore and
Build) were mixed. Since building is an active process, it is
possible that we are only capturing a portion of building
complexity. Further analyses are necessary to better understand
the contribution of the building process. The environmental
enrichment literature strongly implicates spatial exploration as
a powerful means to induce the effects on the hippocampus (as
observed here as well), but the translation of the building aspect
of Minecraft is less clear. In part, this may be because there
simply are not analogous experiments in the rodent. However,
several explanations recapitulate a common question in the
hippocampal literature: whether the observed results stem from
spatial aspects of the Directed Building group, such as spatial
mental imagery, or whether they are the result of non-spatial
forms of novelty and learning, building in Minecraft allows users
to create their own unique, complex and spatial environments.
As mentioned previously, building is a way to change the
surrounding environment and inherently makes an environment
more spatial. After all, cities are a product of building within
our own environments and the complex structures and the
spatial nature of modern cities require maps to navigate. In fact,
many studies in humans specifically use city environments to
understand the role of the hippocampus in navigation. However,
building new items and structures in Minecraft, and learning
how to build them, is a novel learning experience for participants
outside of anything spatial per se. While we cannot be resolute
on this matter as the interpretations discussed here are merely
speculation, it was the case that being pushed to learn to create
new, complex structures (Directed Building) had as big an
effect on memory improvement as free exploration of the world
(Free Exploration) despite far lower amounts of exploration
(RE), supporting the notion that at least some of the observed
effect was likely non-spatial. In addition, the Explore and Build
group showed roughly twice the improvement in memory that
the Free Exploration group showed, despite having half of the
exploration-driven gameplay directed towards learning to build
new structures. Thus, we conclude that spatial exploration alone
has a clear effect, but that learning new skills (directed groups)
can have a similar effect, possibly non-spatial in nature.
Here, we show that playing the video game Minecraft can
positively impact hippocampal function in the form of improved
memory performance on tasks unrelated to activities in the
game itself. Both spatial exploration and building were at least
partly responsible for this observed improvement. Whether these
aspects are able to improve performance on other hippocampus-
related behaviors is still unknown, however, we did observe
an improvement in a virtual water maze task in our previous
study using video game enrichment. We would predict similar
results given that the exploration of a virtual environment like
Minecraft has more direct relevance to a virtual water maze
than the MST task. While we previously demonstrated that 3D
video games can have an influence on hippocampal function
using the video game Super Mario 3D World (Clemenson and
Stark, 2015), this study improves upon the previous study for
several critical reasons. First and foremost, while Minecraft is
not completely open-source, it is customizable which affords
great flexibility and freedom to create environments on private
servers where we can entice users to focus on distinct aspects of
the game, while still being able to both track player movement
and the addition/removal of blocks from the world. Second, this
control over the environment and ability to track participants
allowed us to implement the same metrics of spatial exploration
as in rodent studies, giving us a better understanding of how
environmental enrichment relates to humans. Lastly, all groups
in this study played Minecraft. Several studies have explored
the effects of video games on brain function, however, a major
caveat of many of these studies is the fact that the controls
and experimental groups play entirely different games. All video
games differ on several levels, including game mechanics, game
dynamics, visual and audio features, engagement, etc. These
inherent differences add a level of uncertainty and can reduce
the reliability of the interpretations. Often, this simply cannot be
helped as commercial video games are stuck with a set of rules
that make it difficult to deviate from. The video game Minecraft
can address these limitations and sets itself apart as a platform for
video game research.
It is well understood that the hippocampus is a region of
great neuroplasticity and is constantly shaped by environmental
experiences. Results from this study are consistent with animal
research and support the idea that video games can act as a form
of environmental enrichment in humans. While specific aspects
of the enrichment manipulations used in animals are simply
not present in video games, the virtual worlds found in modern
video games provide a rich and complex environment for people
to experience and offer a real opportunity for intervention
in humans.
DATA AVAILABILITY
The datasets generated for this study are available on request to
the corresponding author.
AUTHOR CONTRIBUTIONS
GC and CS designed the experiment, analyzed the data and wrote
the article. GC and CH collected the data.
FUNDING
This work was supported by the DANAFoundation andNational
Institutes of Health (NIH) R21 AG056145.
ACKNOWLEDGMENTS
We would like to thank UCI Esports, especially Mark Deppe,
Kathy Chiang, and Samantha Anton, for their help, time and
generosity. We would also like to thank Olayemi Osibowale and
Sean Kil for helping with data collection and Shauna Stark for
helpful discussions.
Frontiers in Behavioral Neuroscience | www.frontiersin.org 11 March 2019 | Volume 13 | Article 57
Clemenson et al. Improving Hippocampal Memory Through Minecraft
REFERENCES
Bakker, A., Albert, M. S., Krauss, G., Speck, C. L., and Gallagher, M. (2015).
Response of the medial temporal lobe network in amnestic mild cognitive
impairment to therapeutic intervention assessed by fMRI and memory task
performance. Neuroimage Clin. 7, 688–698. doi: 10.1016/j.nicl.2015.02.009
Bakker, A., Krauss, G. L., Albert, M. S., Speck, C. L., Jones, L. R., Stark, C. E.,
et al. (2012). Reduction of hippocampal hyperactivity improves cognition
in amnestic mild cognitive impairment. Neuron 74, 467–474. doi: 10.1016/j.
neuron.2012.03.023
Bakker, A., Kirwan, C. B.,Miller, N. I., and Stark, C. E. L. (2008). Pattern separation
in the human hippocampal CA3 and dentate gyrus. Science 319, 1640–1642.
doi: 10.1126/science.1152882
Bekinschtein, P., Oomen, C. A., Saksida, L. M., and Bussey, T. J. (2011). Effects of
environmental enrichment and voluntary exercise on neurogenesis, learning,
and memory and pattern separation: BDNF as a critical variable? Semin. Cell
Dev. Biol. 22, 536–542. doi: 10.1016/j.semcdb.2011.07.002
Bennett, I. J., Huffman, D. J., and Stark, C. E. L. (2015). Limbic tract integrity
contributes to pattern separation performance across the lifespan.Cereb. Cortex
25, 2988–2999. doi: 10.1093/cercor/bhu093
Bennett, I. J., and Stark, C. E. L. (2015). Mnemonic discrimination relates to
perforant path integrity: an ultra-high resolution diffusion tensor imaging
study. Neurobiol. Learn. Mem. 129, 107–112. doi: 10.1016/j.nlm.2015.06.014
Bird, C. M., Capponi, C., King, J. A., Doeller, C. F., and Burgess, N. (2010).
Establishing the boundaries: the hippocampal contribution to imagining
scenes. J. Neurosci. 30, 11688–11695. doi: 10.1523/JNEUROSCI.0723-10.2010
Bugg, J. M., and Head, D. (2011). Exercise moderates age-related atrophy of
the medial temporal lobe. Neurobiol. Aging 32, 506–514. doi: 10.1016/j.
neurobiolaging.2009.03.008
Clemenson, G. D., Gage, F. H., and Stark, C. E. L. (2018). ‘‘Environmental
enrichment and neuronal plasticity,’’ in The Oxford Handbook of
Developmental Neural Plasticity, ed. M. Chao (New York, NY: Oxford
University Press). doi: 10.1093/oxfordhb/9780190635374.013.13
Clemenson, G. D., Lee, S. W., Deng, W., Barrera, V. R., Iwamoto, K. S.,
Fanselow, M. S., et al. (2015). Enrichment rescues contextual discrimination
deficit associated with immediate shock. Hippocampus 25, 385–392.
doi: 10.1002/hipo.22380
Clemenson, G. D., and Stark, C. E. L. (2015). Virtual environmental enrichment
through video games improves hippocampal-associated memory. J. Neurosci.
35, 16116–16125. doi: 10.1523/JNEUROSCI.2580-15.2015
Cohen, S. J., and Stackman, R. W. (2015). Assessing rodent hippocampal
involvement in the novel object recognition task. A review. Behav. Brain Res.
285, 105–117. doi: 10.1016/j.bbr.2014.08.002
Creer, D. J., Romberg, C., Saksida, L. M., van Praag, H., and Bussey, T. J. (2010).
Running enhances spatial pattern separation in mice. Proc. Natl. Acad. Sci. U S
A 107, 2367–2372. doi: 10.1073/pnas.0911725107
Darmopil, S., Petanjek, Z., Mohammed, A. H., and Bogdanovic´, N. (2009).
Environmental enrichment alters dentate granule cell morphology in oldest-old
rat. J. Cell. Mol. Med. 13, 1845–1856. doi: 10.1111/j.1582-4934.2008.00560.x
Ekstrom, A. D., Kahana, M. J., Caplan, J. B., Fields, T. A., Isham, E. A.,
Newman, E. L., et al. (2003). Cellular networks underlying human spatial
navigation. Nature 425, 184–188. doi: 10.1038/nature01964
Erickson, K. I., Prakash, R. S., Voss, M. W., Chaddock, L., Hu, L., Morris, K. S.,
et al. (2009). Aerobic fitness is associated with hippocampal volume in elderly
humans. Hippocampus 19, 1030–1039. doi: 10.1002/hipo.20547
Erickson, K. I., Raji, C. A., Lopez, O. L., Becker, J. T., Rosano, C., Newman, A. B.,
et al. (2010). Physical activity predicts gray matter volume in late adulthood:
the Cardiovascular Health Study.Neurology 75, 1415–1422. doi: 10.1212/WNL.
0b013e3181f88359
Erickson, K. I., Voss, M.W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., et al.
(2011). Exercise training increases size of hippocampus and improves memory.
Proc. Natl. Acad. Sci. U S A 108, 3017–3022. doi: 10.1073/pnas.1015950108
Fabel, K., Fabel, K., Tam, B., Kaufer, D., Baiker, A., Simmons, N., et al. (2003).
VEGF is necessary for exercise-induced adult hippocampal neurogenesis. Eur.
J. Neurosci. 18, 2803–2812. doi: 10.1111/j.1460-9568.2003.03041.x
Faherty, C. J., Kerley, D., and Smeyne, R. J. (2003). A Golgi-Cox morphological
analysis of neuronal changes induced by environmental enrichment.Dev. Brain
Res. 141, 55–61. doi: 10.1016/s0165-3806(02)00642-9
Farmer, J., Zhao, X., van Praag, H., Wodtke, K., Gage, F. H., and Christie, B. R.
(2004). Effects of voluntary exercise on synaptic plasticity and gene expression
in the dentate gyrus of adult male Sprague-Dawley rats in vivo. Neuroscience
124, 71–79. doi: 10.1016/j.neuroscience.2003.09.029
França, T. F. A., Bitencourt, A. M., Maximilla, N. R., Barros, D. M., and
Monserrat, J. M. (2017). Hippocampal neurogenesis and pattern separation:
a meta-analysis of behavioral data. Hippocampus 27, 937–950. doi: 10.1002/
hipo.22746
Freund, J., Brandmaier, A. M., Lewejohann, L., Kirste, I., Kritzler, M., Krüger, A.,
et al. (2013). Emergence of individuality in genetically identical mice. Science
340, 756–759. doi: 10.1126/science.1235294
Garthe, A., Roeder, I., and Kempermann, G. (2016). Mice in an enriched
environment learn more flexibly because of adult hippocampal neurogenesis.
Hippocampus 26, 261–271. doi: 10.1002/hipo.22520
Gogolla, N., Galimberti, I., Deguchi, Y., and Caroni, P. (2009). Wnt signaling
mediates experience-related regulation of synapse numbers and mossy fiber
connectivities in the adult hippocampus. Neuron 62, 510–525. doi: 10.1016/j.
neuron.2009.04.022
Gonçalves, J. T., Schafer, S. T., and Gage, F. H. (2016). Adult neurogenesis in the
hippocampus: from stem cells to behavior. Cell 167, 897–914. doi: 10.1016/j.
cell.2016.10.021
Hassabis, D., Kumaran, D., and Maguire, E. A. (2007). Using imagination to
understand the neural basis of episodic memory. J. Neurosci. 27, 14365–14374.
doi: 10.1523/JNEUROSCI.4549-07.2007
Jacobs, J., Weidemann, C. T., Miller, J. F., Solway, A., Burke, J. F., Wei, X. X.,
et al. (2013). Direct recordings of grid-like neuronal activity in human spatial
navigation. Nat. Neurosci. 16, 1188–1190. doi: 10.1038/nn.3466
Kempermann, G., Gast, D., and Gage, F. H. (2002). Neuroplasticity in old
age: sustained fivefold induction of hippocampal neurogenesis by long-term
environmental enrichment. Ann. Neurol. 52, 135–143. doi: 10.1002/ana.10262
Kempermann, G., Kuhn, H. G., and Gage, F. H. (1997). More hippocampal
neurons in adult mice living in an enriched environment.Nature 386, 493–495.
doi: 10.1038/386493a0
Kim, S., Borst, G., Thompson, W. L., Hopkins, R. O., Kosslyn, S. M., and
Squire, L. R. (2013). Sparing of spatial mental imagery in patients with
hippocampal lesions. Learn. Mem. 20, 657–663. doi: 10.1101/lm.031633.113
Kirwan, C. B., and Stark, C. E. L. (2007). Overcoming interference: an fMRI
investigation of pattern separation in the medial temporal lobe. Learn. Mem.
14, 625–633. doi: 10.1101/lm.663507
Kobilo, T., Liu, Q. R., Gandhi, K., Mughal, M., Shaham, Y., and van Praag, H.
(2011). Running is the neurogenic and neurotrophic stimulus in environmental
enrichment. Learn. Mem. 18, 605–609. doi: 10.1101/lm.2283011
Leal-Galicia, P., Castañeda-Bueno, M., Quiroz-Baez, R., and Arias, C. (2008).
Long-term exposure to environmental enrichment since youth prevents
recognition memory decline and increases synaptic plasticity markers in aging.
Neurobiol. Learn. Mem. 90, 511–518. doi: 10.1016/j.nlm.2008.07.005
Maguire, E. A., Burgess, N., Donnett, J. G., Frackowiak, R. S., Frith, C. D., and
O’Keefe, J. (1998). Knowing where and getting there: a human navigation
network. Science 280, 921–924. doi: 10.1126/science.280.5365.921
Maguire, E. A., Gadian, D. G., Johnsrude, I. S., Good, C. D., Ashburner, J.,
Frackowiak, R. S., et al. (2000). Navigation-related structural change in the
hippocampi of taxi drivers. Proc. Natl. Acad. Sci. U S A 97, 4398–4403.
doi: 10.1073/pnas.070039597
McClelland, J. L., McNaughton, B. L., and O’Reilly, R. C. (1995). Why there are
complementary learning systems in the hippocampus and neocortex: insights
from the successes and failures of connectionist models of learning and
memory. Psychol. Rev. 102, 419–457. doi: 10.1037/0033-295X.102.3.419
Mora-Gallegos, A., Rojas-Carvajal, M., Salas, S., Saborío-Arce, A., Fornaguera-
Trías, J., and Brenes, J. C. (2015). Age-dependent effects of environmental
enrichment on spatial memory and neurochemistry. Neurobiol. Learn. Mem.
118, 96–104. doi: 10.1016/j.nlm.2014.11.012
Moser, M. B., Trommald, M., and Andersen, P. (1994). An increase in dendritic
spine density on hippocampal CA1 pyramidal cells following spatial learning in
adult rats suggests the formation of new synapses. Proc. Natl. Acad. Sci. U S A
91, 12673–12675. doi: 10.1073/pnas.91.26.12673
Mustroph,M. L., Chen, S., Desai, S. C., Cay, E. B., DeYoung, E. K., and Rhodes, J. S.
(2012). Aerobic exercise is the critical variable in an enriched environment
that increases hippocampal neurogenesis and water maze learning in male
Frontiers in Behavioral Neuroscience | www.frontiersin.org 12 March 2019 | Volume 13 | Article 57
Clemenson et al. Improving Hippocampal Memory Through Minecraft
C57BL/6J mice. Neuroscience 219, 62–71. doi: 10.1016/j.neuroscience.2012.
06.007
Nilsson, M., Perfilieva, E., Johansson, U., Orwar, O., and Eriksson, P. S. (1999).
Enriched environment increases neurogenesis in the adult rat dentate gyrus and
improves spatial memory. J. Neurobiol. 39, 569–578. doi: 10.1002/(sici)1097-
4695(19990615)39:4<569::aid-neu10>3.0.co;2-f
Nithianantharajah, J., Levis, H., and Murphy, M. (2004). Environmental
enrichment results in cortical and subcortical changes in levels of
synaptophysin and PSD-95 proteins. Neurobiol. Learn. Mem. 81, 200–210.
doi: 10.1016/j.nlm.2004.02.002
Pereira, A. C., Huddleston, D. E., Brickman, A. M., Sosunov, A. A., Hen, R.,
McKhann, G. M., et al. (2007). An in vivo correlate of exercise-induced
neurogenesis in the adult dentate gyrus. Proc. Natl. Acad. Sci. U S A 104,
5638–5643. doi: 10.1073/pnas.0611721104
Rampon, C., Jiang, C. H., Dong, H., Tang, Y. P., Lockhart, D. J., Schultz, P. G.,
et al. (2000). Effects of environmental enrichment on gene expression in the
brain. Proc. Natl. Acad. Sci. U S A 97, 12880–12884. doi: 10.1073/pnas.97.
23.12880
Rungratsameetaweemana, N., and Squire, L. R. (2018). Preserved capacity for
scene construction and shifts in perspective after hippocampal lesions. Learn.
Mem. 25, 347–351. doi: 10.1101/lm.047340.118
Sampedro-Piquero, P., Begega, A., Zancada-Menendez, C., Cuesta, M., and
Arias, J. L. (2013). Age-dependent effects of environmental enrichment on
brain networks and spatial memory in Wistar rats. Neuroscience 248, 43–53.
doi: 10.1016/j.neuroscience.2013.06.003
Segovia, G., Yagüe, A. G., García-Verdugo, J. M., and Mora, F. (2006).
Environmental enrichment promotes neurogenesis and changes the
extracellular concentrations of glutamate and GABA in the hippocampus
of aged rats. Brain Res. Bull. 70, 8–14. doi: 10.1016/j.brainresbull.2005.11.005
Speisman, R. B., Kumar, A., Rani, A., Pastoriza, J. M., Severance, J. E.,
Foster, T. C., et al. (2013). Environmental enrichment restores neurogenesis
and rapid acquisition in aged rats.Neurobiol. Aging 34, 263–274. doi: 10.1016/j.
neurobiolaging.2012.05.023
Stark, S. M., Yassa, M. A., Lacy, J. W., and Stark, C. E. (2013). A task to assess
behavioral pattern separation (BPS) in humans: data from healthy aging and
mild cognitive impairment. Neuropsychologia 51, 2442–2449. doi: 10.1016/j.
neuropsychologia.2012.12.014
Summerfield, J. J., Hassabis, D., and Maguire, E. A. (2010). Differential
engagement of brain regions within a ‘core’ network during scene construction.
Neuropsychologia 48, 1501–1509. doi: 10.1016/j.neuropsychologia.2010.01.022
Tashiro, A., Makino, H., and Gage, F. H. (2007). Experience-specific
functional modification of the dentate gyrus through adult neurogenesis:
a critical period during an immature stage. J. Neurosci. 27, 3252–3259.
doi: 10.1523/JNEUROSCI.4941-06.2007
Urgolites, Z. J., Levy, D. A., Hopkins, R. O., and Squire, L. R. (2018). Spared
perception of object geometry and object components after hippocampal
damage. Learn. Mem. 25, 330–334. doi: 10.1101/lm.047464.118
van Praag, H., Christie, B. R., Sejnowski, T. J., and Gage, F. H. (1999). Running
enhances neurogenesis, learning, and long-term potentiation in mice. Proc.
Natl. Acad. Sci. U S A 96, 13427–13431. doi: 10.1073/pnas.96.23.13427
van Praag, H., Schinder, A. F., Christie, B. R., Toni, N., Palmer, T. D., and
Gage, F. H. (2002). Functional neurogenesis in the adult hippocampus. Nature
415, 1030–1034. doi: 10.1038/4151030a
Vazdarjanova, A., and Guzowski, J. F. (2004). Differences in hippocampal
neuronal population responses to modifications of an environmental
context: evidence for distinct, yet complementary, functions of CA3 and
CA1 ensembles. J. Neurosci. 24, 6489–6496. doi: 10.1523/JNEUROSCI.0350-
04.2004
Vivar, C., Potter, M. C., and van Praag, H. (2013). All about running: synaptic
plasticity, growth factors and adult hippocampal neurogenesis. Curr. Top.
Behav. Neurosci. 15, 189–210. doi: 10.1007/7854_2012_220
West, G. L., Konishi, K., Diarra, M., Benady-Chorney, J., Drisdelle, B. L.,
Dahmani, L., et al. (2018). Impact of video games on plasticity of the
hippocampus.Mol. Psychiatry 23, 1566–1574. doi: 10.1038/mp.2017.155
West, G. L., Zendel, B. R., Konishi, K., Benady-Chorney, J., Bohbot, V. D.,
Peretz, I., et al. (2017). Playing Super Mario 64 increases hippocampal grey
matter in older adults. PLoS One 12:e0187779. doi: 10.1371/journal.pone.
0187779
Woollett, K., and Maguire, E. A. (2011). Acquiring ‘the Knowledge’ of London’s
layout drives structural brain changes. Curr. Biol. 21, 2109–2114. doi: 10.1016/j.
cub.2011.11.018
Woollett, K., Spiers, H. J., and Maguire, E. A. (2009). Talent in the taxi: a model
system for exploring expertise. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364,
1407–1416. doi: 10.1098/rstb.2008.0288
Wu, M. V., Luna, V. M., and Hen, R. (2015). Running rescues a fear-based
contextual discrimination deficit in aged mice. Front. Syst. Neurosci. 9:114.
doi: 10.3389/fnsys.2015.00114
Yassa, M. A., Lacy, J. W., Stark, S. M., Albert, M. S., Gallagher, M., and Stark, C. E.
(2011a). Pattern separation deficits associated with increased hippocampal
CA3 and dentate gyrus activity in nondemented older adults.Hippocampus 21,
968–979. doi: 10.1002/hipo.20808
Yassa, M. A., Mattfeld, A. T., Stark, S. M., and Stark, C. E. L. (2011b). Age-related
memory deficits linked to circuit-specific disruptions in the hippocampus.
Proc. Natl. Acad. Sci. U S A 108, 8873–8878. doi: 10.1073/pnas.1101567108
Yassa, M. A., Muftuler, L. T., and Stark, C. E. L. (2010a). Ultrahigh-resolution
microstructural diffusion tensor imaging reveals perforant path degradation
in aged humans in vivo. Proc. Natl. Acad. Sci. U S A 107, 12687–12691.
doi: 10.1073/pnas.1002113107
Yassa, M. A., Stark, S. M., Bakker, A., Albert, M. S., Gallagher, M., and Stark, C. E.
(2010b). High-resolution structural and functional MRI of hippocampal
CA3 and dentate gyrus in patients with amnestic Mild Cognitive Impairment.
Neuroimage 51, 1242–1252. doi: 10.1016/j.neuroimage.2010.03.040
Yassa, M. A., and Stark, C. E. (2011). Pattern separation in the hippocampus.
Trends Neurosci. 34, 515–525. doi: 10.1016/j.tins.2011.06.006
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Clemenson, Henningfield and Stark. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.
Frontiers in Behavioral Neuroscience | www.frontiersin.org 13 March 2019 | Volume 13 | Article 57
